ABSTRACT
INTRODUCTION
al., 2014). Many studies, however, show that both aceto-and hydrogeno-trophic 101 methanogenesis can still co-exist with secondary degraders in the presence of significant 102 concentrations of strong electron acceptors (Whiticar et al., 1986; Kuivila et al., 1990; Dar et 103 al., 2008) , and can persist or adapt to perturbations in form of electron acceptor addition 104 (Raskin et al., 1996; Ma et al., 2017) . 105 106
Besides the general view that strong electron acceptor availability can create a competition 107 between methanogens and other species, the specific effect of this ecological perturbation on 108 the different methanogenic groups remains an open question (Ozuolmez et al., 2015) . In 109 particular, methanogens are distinguished into two major groups through their respiratory and 110 energy-conserving mechanisms (Thauer et al., 2008; Kulkarni et al., 2009; Ferry, 2010) , 111 which has a bearing on their ability and preference to utilise H2 and acetate (Thauer et al., 112 2008) . Acetotrophic methanogens belong to the group that encodes key respiratory 113 cytochromes that allow them to utilise acetate (and for some species also other methyl-114 containing single carbon molecules) (Thauer et al., 2008; Kulkarni et al., 2009 Here, we study this question using a synthetic community construction approach and 123 focusing on specific sulfate reducing bacteria, and aceto-and hydrogeno-trophic 124 methanogens. The competition between these different functional groups under sulfate 125 availability has not been studied in a defined community before, prompting us to create and 126 analyse mono-, co-, and tri-cultures of representative species from these functional groups. 127 We evaluated productivity and stability in the resulting communities under perturbations in 128 the form of sulfate availability, representing a strong electron acceptor. This revealed that, in 129 the absence of sulfate, inclusion of both of the methanogenic populations increases methane 130 production from lactate by almost two-fold compared to co-cultures of the sulfate reducer 131 with a single methanogen. With increasing sulfate availability, however, we find a 132 differential impact on the two methanogenic groups. While hydrogenotrophic methanogens 133 were lost from the community at sulfate levels that only allow full respiration of the available 134 lactate, acetotrophic methanogens were lost readily at lower sulfate levels. This differential 135 stability was also evident at the level of productivity in the tri-culture, where contribution 136 from acetotrophic methanogenesis reduced with increasing sulfate. These results on stability 137 and productivity could be explained through mass balance calculations, but only if we 138 assumed a dependency of the acetotrophic methanogen on hydrogen. We have then verified 139 this assumption experimentally using monocultures. Together, these results show that 140 hydrogen-based competition in presence of strong electron acceptors can influence both 141 aceto-and hydrogeno-trophic methanogens, with the former being more prone to be lost from 142 the system as a result. These findings are of significant relevance to understand complex, 143 natural AD communities, and to further engineer synthetic communities mimicking their 144 functionality and optimised for specific applications. 145 146 RESULTS
147
To better understand the functional role and stability of syntrophic interactions between 148 sulfate-reducing bacteria and methanogens in AD communities, we created here a set of 149 synthetic microbial communities composed of two and three species. We used three key 150 species to represent the roles of sulfate-reducing bacteria ( All species co-exist and community productivity increases in the absence of strong 164 electron acceptors. Presence of both methanogenesis routes through aceto-and 165 hydrogenotrophic species is expected to increase productivity in AD communities due to a 166 more complete conversion of the key fermentation products from secondary degradation (Fig.  167 1A). We found this expectation to be fulfilled in the absence of sulfate; the synthetic Dv-Mm-168
Mb tri-culture produced close to 2-fold more methane compared with the Dv-Mm and Dv-Mb 169 co-cultures (Fig. 1B) . The tri-culture and the Dv-Mm co-culture achieved stable methane 170 levels over three sub-cultures, while methane production in the Dv-Mb co-culture was highly 171 variable. In line with these observations, the tri-culture and the Dv-Mm system displayed full 172 lactate conversion, while there was significant lactate remaining in one replicate Dv-Mb 173 system (Fig. 1C) . Interestingly, both the tri-culture and the Dv-Mb co-culture displayed also 174 significant levels of residual acetate, indicating that Mb is not able to consume all of the 175 acetate fermented by Dv (Fig. 1D ). This finding was replicated when we cultivated the 176 cultures under a five-week sub-culturing regime (Fig. S1 ), suggesting that lack of full acetate 177 consumption is not simply due to slow growth of Mb on this substrate. 178 179
Increased electron acceptor availability shows differential impact on the maintenance 180 and productivity of aceto-and hydrogeno-trophic methanogens. In order to find out the 181 impact of sulfate availability on the stable co-existence of sulfate-reducing bacteria and 182 different methanogens, we further analysed the dynamics of each co-culture and the tri-183 culture at different sulfate levels. In particular, we cultivated communities in sulfate 184 concentrations that provide either half or full stoichiometric equivalence to lactate; i.e. 7.5 or 185 15mM sulfate allowing either half or full respiration of lactate by Dv (these conditions are 186 referred to as 'half-' and 'full-sulfate' from now on). We found that increased sulfate 187 availability immediately impacted the Dv-Mb co-culture and resulted in a loss of methane 188 production already in half-sulfate treatments (Fig. 2) . The Dv-Mm co-culture displayed stable 189 co-existence at half-sulfate treatments, but methanogenesis was clearly showing a 190 diminishing trend in the full-sulfate treatment (Fig 2) . Methanogenesis under increasing 191 sulfate levels in the synthetic tri-culture behaved qualitatively similarly to the Dv-Mm co-192 culture, but methane levels in the tri-culture during each culturing period were slightly higher 193 (Fig. 2) . 194 We found that the impact on methane production by switching from individual co-195 cultures to a tri-culture, also depends on sulfate availability (compare Fig. 1B and Fig. 2 (Table 2) . Using initial (30mM) and residual lactate concentrations observed at 245 the end of a three-week cultivation, we derived the observed change in lactate (∆Lactateobs.). 246
We used this value to calculate the theoretical stoichiometric H2 and acetate output by Dv, 247 assuming full fermentation of lactate by Dv (reaction 5 in Table 2 ). We combined these 248 calculated levels with the observed ones (change in headspace H2 and residual acetate) to 249 then estimate the theoretical H2 and acetate levels that would have been available for Mb 250 consumption (H2Mb and AcetateMb; see Table 1 ). For example, in one replicate (row 1 in 251 AcetateMb at 17.14 and 2.99mM. 256
The consumption of these substrates by Mb can proceed theoretically through aceto-257 and hydrogeno-trophic methanogenesis (reactions 1 and 2 in Table 2 ), and their possible 258 combination through H2 oxidation with acetate reduction. If we use H2Mb and AcetateMb as 259
given constraints, we can show that the theoretical overall methane output (CH4calc.) would 260 always be equal to H2Mb/4 + AcetateMb (see Methods) . We find that the observed methane in 261 the system (CH4obs.) was almost always below this theoretical maximum (see Table 1 ). There 262 were, however, two cases that result in more methane than theoretically possible, by 1% and 263 10% more. We find that these two cases present the lowest acetate consumption (no 264 detectable consumption in the second case), and the highest H2 consumption, indicating 265 significant H2 consumption by Mb to produce methane through reaction 1 (and possibly also 266 combination of reactions 1 and 2). This might have altered Dv's metabolism to shift from 267 acetate fermentation into H2 production (Walker et al., 2009; Grosskopf et al., 2016) and/or 268 its investment of reductive power into biomass production, which could explain the 269 discrepancy with our theoretical calculation based on reaction 5. 270
Overall, our results summarised in Table 1 show that the methane production in the 271 system cannot be explained solely by acetotrophic methanogenesis but requires involvement 272 from reactions 1 and 2, or their combination. Note that this general conclusion would not be 273 affected by possible investment into biomass by Dv or Mb, which we neglected in the 274 calculations shown in Table 1 . Moreover, methane production as percentage of the theoretical 275 maximum (as calculated above) increases over the course of the three sub-culturing periods, 276 while acetate consumption decreases (Table 1) . In other words, Mb seems to be shifting its 277 metabolism in the presence of Dv in a way favouring increasingly H2 (co)utilisation. This 278 trend, in turn, could explain the instability of Mb in the co-and tri-cultures under increasing 279 sulfate conditions, where competition for H2 would be higher (due to utilisation both by Dv 280 and Mm).
We have developed for the first time a full set of co-and tri-cultures comprising three key 284 functional populations found in AD systems, a sulfate reducer (Dv) and aceto-(Mb) and 285 hydrogeno-trophic (Mm) methanogens. These systems allowed us to study the syntrophic and 286 cross-feeding interactions among these species under a common ecological perturbation in 287 form of sulfate availability. Our results showed an increased productivity, in the form of 288 methane production, and high stability, through species co-existence, in the tri-cultures with 289 no sulfate addition. With an increasing availability of sulfate, the shift in Dv metabolism 290 towards respiration created a disruption in the methanogen populations, and under non-291 limiting sulfate concentrations we found both aceto-and hydrogeno-trophic methanogenesis 292
showing a strongly diminishing trend. At limiting levels of sulfate, the disruption to co-293 existence was also limited, but we found a differentially stronger impact on acetotrophic 294 populations represented by Mb. Experiments on the monoculture of this species verified the 295 strong influence of H2 on its growth with acetate, suggesting that its observed instability in 296 tri-and co-cultures could be due to competition with Dv and Mm for this compound. 297 298
Perturbation of methanogenic populations due to competition for H2 with sulfate reducers has 299 been postulated and studied in several complex communities (Whiticar et replaced with 2 bar 80%H2-20%CO2. For the co-and tri-cultures, the carbon source was 30 412 mM Na-lactate and Na2SO4 was added at three different levels of 0 mM, 7.5 mM and 15 mM, 413
respectively. 414
All media were prepared by mixing the basal salt solution and adding 10 mL of the 415 trace element solution and 1 mL Resazurin stock (1g/L) to 1L media. 200 mL of the medium 416 was brought to the boiling point in a 500 mL conical flask and then maintained at 80 °C with 417 a continuous flow of anoxic gas (80% N2 + 20% CO2) at 0.5 LPM flow rate into the 418 headspace of the flask with a cannula (using a rubber stopper to close off the top opening). 419
After 5 min degassing, vitamin mix stock (0.2 mL into 200mL) and anoxic Cysteine-HCl 420 stock (0.2M, 2 mL into 200mL) were added separately into the medium. The stirring of 421 medium was kept at medium speed with the gas flow as above for 1 hour. for the methane production in three batches of cultivation, each of three weeks duration. In 445 addition, a single round of five weeks' incubation of co-cultures and tri-culture was also 446 conducted. Individual monocultures were also incubated in the same scheme as alive control. 447
The construction of co-and tri-cultures were done using the inoculum from individual 448 monocultures. Dv, Mb and Mm were cultivated until late lag phase for 4 days, 21 days and 449 7days, respectively before inoculation into mixed cultures. The co-cultures and tri-cultures 450 were inoculated with 200 µl individual strain inocula (4% v/v into 5 ml medium). The 451 cultivation was performed in triplicate and incubated at 37 ºC for 3 weeks unless there is a 452 specific explanation, and sub-cultured twice. The dilution level for sub-culturing was 5% 453 (v/v). 454
For co-and tri-culture communities, three treatments of 0 mM, 7.5 mM and 15 mM 455 sulfate were used, with the latter two treatments corresponding to the half and full theoretical 456 amount required to respire 30 mM lactate (see Table 1 ). Headspace pressure was measured 457 using a needle pressure gauge (ASHCROFT 310, USA) at the beginning and end of each 458 culture batch. At the end of every three weeks, 1.5 ml culture was extracted using 1 mL 459 syringe inside anaerobic chamber and centrifuged at 5500 rpm for 3 min. The biomass and 460 supernatant were separated and stored at -20 ºC for further DNA extraction and Ion 461
Chromatography (IC) analyses. Headspace gas fraction was monitored by a Micro-Gas 462
Chromatography (GC), after which culture tubes were opened and the residual culture (~3 463 ml) was pooled out for pH measurement. 464
To test the ability of Dv, Mb or Mm to grow on lactate for methane production in the 465 above setting conditions, individual monocultures of each strain were incubated with medium 466 containing 30 mM Na-lactate as carbon source and 7.5 mM Na-sulfate. In this case, the 467 headspace air fraction for Mm monoculture was the same with the chamber air instead of 468 80%H2-20%CO2. 469 470
Optical density, and gas and ion chromatography. Optical density (OD) of the cultures at 471 600 nm was measured on a daily basis using a spectrophotometer (Spectronic 200E, Thermo 472 Scientific). Gas fraction in tube headspace was detected by Micro-GC with a micro thermal 473 conductivity detector and two columns (Agilent 490, Agilent Technologies). Lactate, acetate, 474 pyruvate and sulfate were measured using Ion Chromatography (Dionex ICS-5000 + DP, 475 Thermo Scientific). An analytical anion column with 4 µm ion exchange matrix beads was 476 used according to the following separation conditions. Flow rate: 0.38 ml/min, Pressure: 4300 477 psi, Column temperature: 30 ºC, Eluent: KOH with the gradient in 37 min of 1.5 mM for -478 7~0 min pre-run for equilibration, 1.5 mM for 0~8 min (isocratic), increased to 15 mM 479 during 8~18 min, increased to 24 mM during 18~23 min, increased to 60 mM during 23-24 480 min, and stayed at 60 mM during 24-30 min. IC is equipped with a conductivity-based 481 detector and supplied with MilliQ-water (R > 18. 
